A simple method designed to measure autorelaxation rates of double-and zero-quantum coherences DQC/ZQC{C'N} involving a carbonyl C' and the neighboring amide N nucleus in protein backbones provides valuable insight into slow motions in spite of interference both from the attached amide proton H s and from remote protons such as H ~ in nondeuterated proteins. The method has been applied to human ubiquitin.
Introduction
It is well known that fluctuations of isotropic chemical shifts caused by slow exchange between energetically accessible conformations contribute to the transverse relaxation of nuclei like nitrogen-15 [1, 2] and carbon-13 [3] .
Slow correlated fluctuations of isotropic chemical shifts of a selected pair of nuclei can provide detailed evidence for slow motions in proteins and other biomolecules. Along with effects of chemical shift anisotropy (CSA), these fluctuations contribute to differential line broadening between zero-and double-quantum coherences (ZQC and DQC) invotving the selected pair of nuclei. So far, four complementary methods have been developed in our laboratory. Two of them enable the measurement of CS-CS cross-correlated rates, i.e., the sum of isotropic chemical shift modulations (CSM/CSM) and anisotropic (CSA/CSA) contnbutions. In nucleic acids, one can monitor the auto-and cross-correlated relaxation of double-of triple-quantum coherences DQC {NDN A} of TQC {NDHimin~ involving the Watson-C¡ donor and acceptor nitrogens N D and N A, as well as the hydrogen-bonding imino protons [4, 5] . For proteins, it is instructive to measure the relaxation properties of zero-and double-quantum coherences DQC/ ZQC{C~C ~} involving two neighboring carbon-13 nuclei belonging to the sidechains of amino acids [6, 7] . In some residues, the measured cross-correlated CS-CS relaxation rates were significantly larger than expected, suggesting the presente of CSM/CSM contributions. More refined information can be obtained by multiple refocusing (CPMG) [8, 9] of ZQC and DQC, since only the CSM/ CSM contribution will be attenuated with increasing pulse repetition rates. Thus, measurements of CS-CS rates asa function of pulse repetition rates enable the separation of CSM/CSM (rank 0 interactions) from CSA/CSA (rank 2 interactions). A TQC/SQC{C'NH N} method involving a carbonyl C' nucleus, the neighboring amide N nucleus, and the attached amide proton H N, can provide evidence of slow backbone motions [10] . More recently, a DQC/ZQC{NH n} experiment involving only an amide N nucleus and its attached proton H N has been shown to provide useful information [11] . Unfortunately, all aforementioned methods are best applied to deuterated proteins, because remote protons suela as H ~, different from amide protons H N, interfere partly through homonuclear scalar couplings such as j(HNH ~) and partly through contributions to the relaxation of multiple-quantum coherences. Unfortunately, deuteration implies severe restrictions on the choice of samples.
In this paper, we show that DQC/ZQC experiments involving only C' and N nuclei (instead of the TQC/SQC expe¡ described previously [10] ) can be used for the identification of residues experiencing conformational exchange, in spite of interferences both from the attached H N proton and from remote protons such as H ~, provided that these dipolar contributions do not vary significantly from one residue to another.
Theory
The earlier TQC/SQC{C'NH s} method [10] was designed to measure the difference AR(TQC/SQC) in autorelaxation rates of TQC(C+N+H N) and three-spin SQC(C+N_HN). In this paper, we shall report measurements of rates AR(DQC/ZQC) which are obtained from the autorelaxation rates of DQC(C'N+) and ZQC(C+N ). Both rates AR(TQC/SQC) and AR(DQC/ZQC) can be predicted from a common set of equations, although the magnitudes of the dipolar contributions differ: 
The cross-correlation rate RcsA/cSA(CŸ is due to the concerted modulations of the anisotropic chemical shifts induced by molecular tumbling, while the cross-correlation rate RCSM/CSM(CŸ is due to concerted modulations of the isotropic chemical shifts caused by intemal motions. The CSA/CSA rate cannot be affected by external manipulations without affecting at the same time the CSM/ CSM rate, whilst the latter contribution can be quenched by spin-locking or by multiple-refocusing sequences with high repetition rates if the internal motions are not too fast.
In deuterated proteins the second term of Eq. (1) becomes negligible due to the substitution of aliphatic protons by deuterons. For TQC/SQC{C'NH N} rates, the first term can also be neglected in slowly tumbling macromolecules, since the J(0) contribution of DD/DD t N N R (C/_q ~) vanishes if the amide proton is included in the coherence. Thus only the CSA/CSA and the CSM/CSM interactions contribute significantly to the differential line-broadening between TQC and SQC in deuterated proteins:
In nondeuterated proteins, on the other hand, if the amide proton is included in the coherence, this introduces perturbations resulting from homonuctear scalar couplings with neighboring H a protons. Measurements of DQC and ZQC decays (instead of TQC and SQC decays) are therefore preferable since they do not suffer from homonuclear couplings. In nondeuterated samples, dipolar interference effects due to H a protons contribute to the differential line-broadening, so that the rates AR(DQC/ZQC) = R(C~_N+) -R(C~.N_) contain contributions from both dipolar terms of Eq. (1).
Materials and Methods
Uniformly I3C/~SN/2D-enriched ubiquitin and uniformly 13C/tSN-enriched ubiquitin were obtained commercially (VLI). Each protein was dissolved in 10% D20-90% H20 with phosphate buffer at pH 6.7 to a concentration of 1.5 mM. The pulse sequence for measuring AR(DQC/ZQC) ( Fig. 1) is closely related to the experiments of Zuiderweg and co-workers [12] , and to the sequence used for measuring AR(TQC/SQC) [I0]. The data were acquired at 300 K on a Bruker DRX-600 spectrometer equipped with a triple resonance TBI probe with triple axes gradients. The experimental time for each 2-D experiment was 2 h. Each matrix consisted of 128 and 1024 points in the t 1 and t 2 dimensions. The data were processed by the GNU Package NmrPipe/NmrDraw/NlinLS [13] . Each dimension was apodized by a 90 ~ phase-shifted squared sine-bell window function and zero-filled once. Decay curves were sampled at 5 to 6 values of r m (Fig. 2 ) Duplicates were recorded for the first and third point of each decay. Errors of the apparent decay rates were estimated by Monte Carlo analysis [14] . Errors in AR were obtained by error propagation. Figure 2a shows some typical decay curves for TQC(C2N+H~) and three-spin SQC(C+N H~) in nondeuterated ubiquitin. As expected, the decays are modulated by the homonuclear couplings j(HNH ~) involving the amide and aliphatic protons, which were found to be about 8 Hz in agreement with measurements of Permi et al. [15] . Figure 3a shows the relatively poor correlation between AR(TQC/SQC) rates measured in deuterated and nondeuterated samples ( Table  1 ). The large errors associated with the rates measured in nondeuterated ubiquitin can be traced back to the Monte Carlo analysis of cosine modulated decays. The experimental signal-to-noise ratio was identical in all experiments for r m = 0. Using a relaxation period r m that is a multiple of 1/J(HNH ~) would remove the modulations due to scalar couplings [12] . However, the TQC and three-spin SQC autorelaxation rates are much larger than R z = 1/T 2 of SQC, so that a constant delay r m = 1/J(HNH ~) ~-125 ms would lead to inacceptable losses in sensitivity. Figure 2b and c shows similar decay curves of DQC(C+N+) and ZQC(C+N+) for nondeuterated and deuterated ubiquitin. As expected, the decays are monoexponentiat in both cases. Figure 4 shows the differences AR of the decay rates for all amino acids in the backbone of ubiquitin, comparing the earlier TQC/SQC method applied to deuterated ubiquitin, the DQC/ZQC method applied to the same deuterated sample, and the DQC/ZQC method applied to nondeuterated ubiquitin. It is clear that the latter rates are enhanced in magnitude (actually more negative) compared to those measured with the TQC/SQC method. Between the TQC/SQC and DQC/ZQC expefiments, the enhancement is due to the dipolar contributions in Eq. (1). The contribution of the C'HN/NH N dipole-dipole interference effect that is proportional to J(0) is estimated to be -1. D21  T22  123  N25  K27  A28  K29  I30  D32  K33  E34  G35  136  Q40  Q41  L43  I44  F45  G47  K48  L50  D52  R54  T55  L56  E58  Y59  N60  161  E62  K63  E64  $65  T66  L67  H68  L69  V70 volving the C' and N nuclei and external H a protons, which contribute on average about -0.32 s -~. Experimentaly, as shown in Fig. 4 , the first contribution is found to be -1.1 s -~, while the second one contributes -0.25 s -~ on average. The correlation between the rates AR(DQC/ZQC) in deuterated and nondeuterated ubiquitin was found to be excellent (r = 0.99), as shown in Fig. 3b . Figure 3c shows a very good correlation (r = 0.98) when the SQC/TQC and ZQC/ DQC experiments are applied to the same deuterated sample.
Results and Discussion
In spite of the strong dipolar contributions in the nondeuterated sample, the measured rates AR(DQC/ZQC) permit the identification of residues that experience significant conformational exchange, such as asparagine 25 [10] . Figure 3d shows the very good correlation (r = 0.97) between the rates obtained by applying the sophisticated TCQ/SQC experiment to (expensive) deuterated ubiquitin and the rates obtained with the simple DQC/ZQC experiment in (cheap) nondeuterated ubiquitin.
Conclusions
The excellent agreement between the rates AR(TQC/SQC) in deuterated ubiquitin and the rates AR(DQC/ZQC) in nondeuterated ubiquitin makes it possible to use the latter to identify residues experiencing slow backbone motions. This does not require any deuterated samples and should greatly simplify the separation of CSM/CSM and CSA/CSA effects by multiple refocusing, since only two nuclei (instead of three) must be simultaneously refocused. The AR(DQC/ZQC) rates have also been determined successfully in the much larger major urinary protein (MUP) with 162 amino acids anda correlation time of ca. 8 ns at 308 K [16] . These measurements provide evidence that some residues experience increased mobility upon binding to pheromones, as will be described elsewhere.
